Abstract-This paper describes a modeling approach to interpret the C-band synthetic aperture radar (SAR) data from wheat canopies as provided by European Remote Sensing (ERS) satellites, RADARSAT, and the forthcoming Environmental Satellite/Advanced Synthetic Aperture Radar (ENVISAT/ASAR) satellite. At a first step, the results of a first-order modeling were compared to ERS data and scatterometer data over the growing season at two different test sites. The prediction by first-order approach was in disagreement with the data from stem extension stage to soft ripening stage. The first-order approach was found to overestimate the attenuation at vertical (V) polarization, resulting in a predicted backscattering coefficient one order of magnitude lower than that observed by the SAR system. To improve the prediction, a multiple-scattering modeling based on numerical solution of multiple-scattering Foldy-Lax equation was used. The multiple-scattering modeling provides better backscatter estimates at vertical-vertical (VV) polarization for both test sites. Then, the model is used to derive the prevailing interactions mechanisms at horizontal-horizontal (HH) and VV polarizations and 23 and 40 of incidence angle. Finally, the retrieval of crop parameters from C-band SAR data is addressed.
I. INTRODUCTION

S
INCE the launch of European Remote Sensing 1 (ERS-1) in 1991, followed by RADARSAT and ERS-2, several studies have been conducted to investigate the temporal variation of the C-band radar backscatter from key crop types, with the aim of deriving methods and algorithms for crop monitoring. The widely available C-band synthetic aperture radar (SAR) data have been demonstrated to be sensitive to both crop biomass and underlying soil moisture. These parameters are crucial for many environmental applications such as agriculture, hydrology, and biochemical cycles. However, existing retrieval algorithms are obviously limited because the inverse problem is ill-posed using the existing single polarization ERS or RADARSAT SAR data.
With the successful launch of the Environmental Satellite (ENVISAT), multiincidence and multipolarization data will be provided by the Advanced Synthetic Aperture Radar (ASAR). In principle, the retrieval of the key crop and soil parameters should be facilitated using multiple SAR measurements provided that the information content of each of the SAR measurements is understood. The objective of this paper is to interpret the temporal variations of C-band SAR data at various polarizations and incidence angles using a modeling approach. We focus on wheat, among the key crop types, for two reasons. The first is that wheat is the world's most important agricultural crop, and the second is that the temporal variation of wheat as observed widely in ERS data is still not fully understood. In the past, the temporal behavior of C-band backscatter of crops such as rice [1] , soybean [2] , [3] , or alfalfa [4] has been analyzed and interpreted by theoretical modeling, whereas attempts to interpret C-band backscatter temporal variation of wheat have been only partially successful [5] . Using a second-order radiative transfer (RT2) model, large discrepancies between the model predictions and measurements have been found, during the fully developed stage of wheat.
In general, these discrepancies have been attributed to the overestimated attenuation through the canopy given by these models. This can occur because during the fully developed stages the wheat canopy can become a dense medium where multiple-scattering interactions affect significantly the attenuation. Such multiple interactions are not taken into account in the first-order modeling. For this purpose, in [6] a multiple-scattering coherent modeling has been proposed. In this paper, the results of the model described in [6] are compared to the first-order modeling results and to the measured wheat backscatter.
To provide input parameters for modeling and radar data for validation, two measurements campaigns were conducted: the first during the 2000 wheat growing season in France coincident with ERS overpasses, and the second during the 2001 season in Italy using a ground-based multipolarization and multiincidence scatterometer data.
In Section II, the experimental data are presented. In Section III, the first-order modeling and multiple-scattering modeling are briefly described with a discussion on the validity of the underlying assumptions. In Section IV, modeling results by the first-order approach and multiple-scattering approach are compared with the data. Agreement and disagreement are analyzed, and the main interaction mechanisms are given. In Section V, we discuss the retrieval of biophysical parameters. In Section VI, concluding remarks and further work are presented.
II. TEST SITES
Two test sites have been chosen to take into account the effects of agricultural practices, wheat species, and meteorological conditions. The first campaign was conducted during spring 2000, in southwestern France, in a region near Toulouse mainly seeded with winter wheat. One 4.5-ha field was selected, and in situ measurements were collected during four ERS overpasses from March to June. The second campaign, designed to explore the potential of the ENVISAT/ASAR satellite, took place in the south of Italy in 2001 and consisted of intensive ground measurements and scatterometer [7] acquisitions over one field. Nine acquisitions from March to June provided multiincidence (from 23 to 60 ) and multipolarization [horizontal-horizontal (HH), vertical-vertical (VV), and horizontal-vertical (HV)] data. Only HH and VV data are used in this paper, calibrated HV being not available. Details on the experiment in Italy and the data analysis are given in [8] .
At both sites, the ground measurements provided a complete set of input parameters for modeling, including vegetation structure, vegetation moisture, plant density, shoot number, and soil moisture. The soil roughness has been measured in Italy and estimated from previous measurements in France. The two sites differ mainly in the stem density and ground conditions.
At the Italian test site, the stem number density is about 500 stems/m . The stems grow up to a maximum height of 62 cm, with a mean stem radius almost constant of about 2 mm. The stem fractional volume is about 0.6% and the maximal fresh biomass is 2.4 kg/m . The rms height of the ground surface is 1.3 cm. The soil moisture decreases constantly from 23% to few percent, except at one date after a rain event.
At the French test site, the stem number density is high, 1200 stems/m and the mean radius of stem is 2 mm. The fractional volume is 1.5%, higher than at the Italian test site. The maximal measured above ground fresh biomass is 3.9 kg/m . The ground is smoother, 0.6-cm rms height, and the soil is wetter than in Italian site. The stem height is about 80 cm at the end of the growth.
III. WHEAT MODELING
The first-order modeling and multiple-scattering modeling used in this paper are briefly described in this section.
A. First-Order Modeling
1) First-Order Assumptions:
Radiative transfer and coherent modeling are widely used in modeling forested or agricultural media. They are based on two main assumptions, the first concerning the attenuation calculation and the second concerning the calculation of the backscattered field or intensity.
a) Under the assumption of independent scatterers, the attenuation is computed as if the single scatterers were illuminated by the incoming wave but not by waves scattered by other scatterers. This assumption is valid for a sparse medium. In this case, the attenuation increases linearly with the number density of scatterers [9, p. 168 ]. b) In coherent modeling, the backscattered field is developed in distorted Born series. In the same way, the RT equation solved by the iterative method [10, p. 220] gives series of intensity. But these series are rapidly convergent if the scatterers have a albedo close to zero, i.e., if the absorption is much higher than scattering loss. For the wavelength used and the size of vegetation elements, this assumption is not always valid. Furthermore, the series are usually truncated to the first or second order, thus assuming that the single and double scattering are the most significant interaction mechanisms.
In this paper, the terminology "first-order modeling" refers to models which calculate the attenuation under assumption 1).
2) First-Order Coherent Modeling: Even if both RT and coherent modeling have been used for crop modeling, the coherent modeling approach is more adapted to agricultural crops, since the clusters of scatterers may cause important coherent effects.
Recently, Marliani et al. [11] proposed a coherent modeling applied to wheat (and sunflower). Previously, Stiles and Sarabandi [12] proposed a fully phase-coherent model for grassland that takes into account the vertical heterogeneity of the attenuation within the canopy and includes curved leaves.
The first-order coherent model used in this paper is similar to the model of Stiles and Sarabandi. The backscattered electric field is computed using the first-order distorted Born approximation. In order to take into account the vertical heterogeneity of the canopy, the attenuation is calculated for thin horizontal layers. In each layer, the attenuation is derived from the optical theorem. It implies that the attenuation is a function of the vertical position in the canopy.
The stems that stand from the bottom to the top of the canopy are decomposed into short scatterers. The fields scattered from each short scatterers are coherently added. This calculation method has been demonstrated to be exact for long cylinders [13] , but it may be an approximation for other shapes. This leads to a more realistic scattering diagram for the stems compared with single-layer modeling, which tends to overestimate the stem backscatter.
The leaves can be modeled by elliptic discs as in [5] and [11] , but this approach cannot take into account the leaf curvature. To account for the leaf curvature, we adopt the approach described in [12] . The leaves are modeled by curved elliptic cross-section cylinders. However, this has two limitations.
1) At C band, the width of the leaves is not small with respect to the wavelength: (where is the wave number within the leaves and is the half width). Therefore, the leaf backscatter may be overestimated.
2) The curvature is taken into account by adding pieces of elliptic cross-section cylinders. This is a first-order approximation that may be valid for weak curvatures only. The error on the backscatter is not known. For both approaches, modeling the leaf scattering for wheat remains quite difficult. As suggested in [14] , the leaves modeling still needs further developments.
The leaves attenuation is computed according to [9, p. 286 ]. The optical theorem does not apply with the Rayleigh-Gans approximation because scattering losses are not included [10, p. 138] . In all the cases, the leaves attenuation is weak, less than few decibels. The underlying ground backscatter is computed using the integral equation method (IEM) model [15] .
B. Multiple-Scattering Modeling
The first-order modeling should be well suited for sparse canopies such as wheat at the early stage. It is likely that, in the case of wheat canopies at the fully developed stage, the medium cannot be considered as sparse. When the medium is dense, the assumptions on the interactions between the wave and the medium are affected in two main ways.
1) The independent scatterers approximation is no longer valid. The scatterers interact strongly with one another, i.e., the sum of scattered fields have a significant amplitude with respect to the incident field within the canopy. 2) Multiple scattering may have a significant contribution to the total backscatter. Because the albedo of wheat stems is not small (it is about 0.3), the Born series may not be convergent. It means that single scatterings are not higher than double scattering, nor higher than triple scattering, etc. All the orders of interactions have to be considered. However, calculating multiple-scattering interaction increases the complexity of the electromagnetic problem to be solved. Several studies have been carried out for spherical, or spheroidal, scatterers [10, pp. 432-562] but the models are not adapted for wheat canopy. Using a method similar to the -matrix [10, p. 165], Tsang et al. [16] addressed the issue of multiple scattering of cylindrical scatterers. An extension of the Tsang et al. [16] model has been proposed in [6] . This extension is used in this paper and is briefly described in Section IV.
1) Medium Description: Since the calculation of multiple scattering is complex, the medium description has to be simplified. The simplified scattering configuration is shown in Fig. 1 .
is the incidence angle. The stems are modeled by vertical dielectric cylinders having the same permittivity and the same radius, but they may have different lengths.
This modeling approach applied to vertical cylinders can be used only to interpret the observations during the crop stages where leaves and ears do not contribute significantly to the backscatter.
The ground is modeled as a rough surface. The coherent specular reflection coefficients [9, p. 480] are accounted for, calculating the interactions between the ground and the stems. The ground backscatter attenuated by the canopy is added, ad hoc, incoherently, in the same way as in first-order modeling.
2) Multiple-Scattering Equation:
The multiple-scattering Foldy-Lax equation states that the field exciting a scatterer is the sum of the incident wave, the wave reflected by the ground, and the wave scattered by all the other scatterers. For each scatterer, an additional equation gives the relation between the exciting field and the scattered wave. This set of equations was applied to the case of vertical cylinders over an infinite surface in [16] . The equations set has to be solved for a scene, i.e., for given positions of cylinders.
The major problem is to solve the equation set. In [16] , the equations are solved analytically using an iterative method up to the second order. The result is the first two terms of the Born series. As a first step, the method has been extended to compute iteratively the higher orders. However, the resulting Born series is not convergent for a number density of cylinders above a certain value that depends on the radar configuration and on the cylinders characteristics. For example, in the case of fully developed wheat, the iterative method fails for density above 100 cylinders/m for V-polarized waves, 23 of angle of incidence [6] .
Another approach is required for wheat density ranging from 500-1000 cylinders/m . The equations set is transformed into a system of linear equations that has to be solved. Since the number of unknowns is large, about 1 million for 1000 cylinders/m , an efficient method is required. The generalized minimal residual (GMRES) iterative solver [17] 1 has been coupled with the sparse matrix canonical gid [18] . A fast convergence is obtained [6] .
The solution gives the field within the cylinders. Applying the Huygens principle, the scattered field is computed in the direction of interest. The scattered fields of tens of Monte Carlo realizations are averaged to compute the backscattering coefficient.
As the multiple-scattering Foldy-Lax formulation and the solving method does not require restrictive assumptions, the estimated backscatter takes into account all the mechanisms of interactions between the cylinders, and it includes the coherent and the near-field effects. The mechanisms of interactions between the cylinders and the ground are limited to mechanisms involving specular reflections as if the surface were flat.
To compute the ground backscatter attenuated by the canopy, the attenuation of the wave through the whole canopy is needed. Since the forward theorem cannot be applied for a collection of scatterers [18] , the attenuation is calculated as the sum of the absorption and scattering loss [9, p. 286] .
IV. MODELING RESULTS
The underlying assumptions and limitations from the theoretical point of view of the developed model have been described in Section III. In this section, the validity of both modeling approaches is assessed by comparison with experimental data. The main interaction mechanisms prevailing at different polarization and incidence angle are derived. Fig. 2 shows the predicted backscatter during the wheat growth at the French test site as compared to ERS measurements at VV polarization and 23 of incidence angle. Figs. 3-6 show the modeling results and the scatterometer measurements at the Italian test site at 23 and 40 of incidence angle and at HH and VV polarizations. From these results, three major points can be drawn.
1) The first-order modeling is in large disagreement with the VV polarization data from the stem extension stage to the soft ripening stage, i.e., when the wheat is well developed. 2) The multiple-scattering modeling is in better agreement with the VV polarization data than the first-order modeling.
3) The discrepancies between the multiple-scattering modeling and the data depend on the incidence angle and the polarization. The first and second points are explained in Section IV-A, and the last point is addressed in Section IV-B.
A. Attenuation
One reason for the first-order modeling to underestimate the backscatter when the wheat is well developed is the overestimated attenuation. At the French site, the two-way attenuation, at 23 of incidence angle and V polarization, predicted by first-order modeling is 8 dB at stem extension stage (day 108) and at 24 dB at soft ripening stage (day 143). At the Italian site, the attenuation ranges between 7 and 20 dB from the stem extension stage (day 94) to the soft ripening stage (day 144). The attenuation at 40 of incidence angle is even much higher.
With so high attenuation values, the underlying ground backscatter as well as the stem-ground interactions are predicted to be negligible with respect to canopy backscatter. However, several experimental results disagree with this prediction.
1) The rapid increase in the backscatter between the five days of the Matera experiment (between day 124 and day 129 in Figs. 3-6 ) is very likely due to soil moisture changes (soil moisture increases from 15% to 29%) rather than to changes in the canopy alone. This rapid increase shows that the interaction mechanisms involving the ground (attenuated ground backscatter and/or the stem-ground interactions) are significant even at 40 of incidence angle. 2) An indoor experiment using Ground-Based SAR have provided tridimensional backscatter images of wheat canopy at C band [19] , [20] . On these images, a large amount of the signal appears at the ground level at HH polarization for all incidence angles and at VV polarization up to 35 of incidence angle. These observations show that the attenuated ground backscatter and/or the stem-ground interactions have a significant contribution to the total backscatter. Theoretical results have also shown that the attenuation in dense media is usually weaker than the attenuation calculated using the independent scatterers assumption, i.e., the attenuation does not increase linearly with the density of scatterers [10, p. 428] , [21] . This can be qualitatively interpreted by analogy with the shadowing mechanism in optics. The area of shadows projected on the ground by above-ground objects increases linearly with the number of objects only if the shadows do not overlap, i.e., if the objects are sparsely distributed. If the shadows do overlap, the area of shadows increases less rapidly than in the linear case. This phenomenon is called screening effect in [22] .
In order to quantify these effects, the attenuation estimated by the multiple-scattering model (higher order attenuation from this point onward) and the attenuation estimated by first-order modeling (first-order attenuation from this point onward) are compared in Figs. 7-10 as a function of various parameters. The following can be drawn.
1) Fig. 7 show the attenuation as a function of the stem height. The stem number density remains constant: 460 stems/m , corresponding to 0.6% of fractional volume. Both first-order and multiple-scattering models predict that V-polarized wave are more attenuated than H-polarized wave, due to the vertical stems, and that the attenuation increases linearly with the stem height. However, the coefficients of proportionality predicted by both models are different, especially for V polarization. This difference is explained by the fact that the V-polarized waves interact more than the H-polarized waves with the vertical stems, producing more higher order effects. 2) Fig. 8 shows the attenuation at V polarization as a function of the stem gravimetric moisture for the maximal canopy height reached at the Italian test site (62 cm). Both models predict an increase with the stem moisture content, but the sensitivity is weaker with the multiple-scattering modeling. Again, when water content increases, the interactions within the canopy increase, and the higher order effects increase. 3) Fig. 9 shows the V polarization attenuation as a function of the incidence angle. The difference between first-order and higher order attenuation increases with the incidence angle. The interactions between the wave and the vertical stems are stronger when the incoming wave comes orthogonally to the stems. The higher the incidence angle is, the more important are the higher order effects. 4) Fig. 10 shows the attenuation as a function of the stem number density at 23 of incidence angle and V polarization. A significant difference between first-order and higher order attenuation appears above 50 stems/m , corresponding to 0.06% fractional volume. Up to about 300 stems/m , the higher order attenuation remains almost constant because of the shadowing effect. To summarize, the results show that at V polarization, the first-order modeling cannot describe accurately the attenuation within wheat canopies. But the error increases with increasing stem density and increasing incidence angle from few decibels to tens of decibels in the ranges of stem density and incidence angle of interest. At H polarization, the higher order effects are less important. Higher order attenuation and first-order attenuation varies in a similar way as a function of incidence angle, stem moisture content and stem height. In practice, first-order attenuation could be used if reduced by a coefficient of about 0.8 around 400 stems/m and 0.6 around 1200 stems/m .
These results show also that the two-way attenuation does not exceed 10 dB in many cases, and consequently that the mechanisms of interaction involving the ground may be significant.
The attenuation is proportional to the stem height [point 1)] and the water content [point 2)], but not to the stem density for usual values of wheat field [point 4)]. It means that the attenuation is only indirectly proportional to the stem biomass. If the attenuation is the dominant phenomenon, retrieving wheat stem biomass of a given field using the attenuation is, however, possible because the stem density remains usually constant (or decrease slightly) during the season. But, from one field to another, depending on the wheat species and the agricultural practices, the stem density changes, and then the relationship between the stem biomass and the attenuation changes.
B. Main Interaction Mechanisms
In order to understand the temporal variations behavior of backscattering coefficient provided by ENVISAT/ASAR, the main interaction mechanisms between the wheat canopies and the incident wave are studied. For this purpose, multiple-scattering modeling is used to provide indications on the scattering mechanisms. However, we have to bear in mind that the model is restricted to a canopy of wheat stems, so that leaves and ears are ignored.
The total backscatter predicted by the multiple-scattering modeling can be decomposed as (1) where is the ground backscatter attenuated by the canopy, and is the backscatter resulting from single and multiple scattering between the stems and also between the stems and the ground.
is equivalent to zero-order solution in the RT theory. The backscatter includes all the other orders of interaction. A detailed decomposition of the backscatter is not possible because of the formalism used in the model. However, to know the relative contribution between stems backscatter and backscatter resulting from stem-ground interactions is quite important to estimate the sensitivity of the backscatter to soil parameters. For this purpose, we carried out simulations using the multiple-scattering modeling without the ground interface. The results indicate that the backscatter from the stems alone is negligible at HH and VV polarizations and at 23 and 40 of incidence angle. Consequently, the total backscatter comes from the ground backscatter attenuated by the canopy and from interactions between the stems and the ground, the relative contribution of these two mechanisms depending on the incidence angle and the polarization.
At 23 of incidence angle and VV polarization, the backscatter from stem-ground interactions is very low, less than 20 dB at the Italian site and less than 30 dB at the French site during the whole season (not shown in the figures). This can be interpreted by the fact that the incident wave is grazing on the vertical stems. The main mechanism predicted by the model is the ground backscatter attenuated by the canopy. The backscatter is then directly related to the ground parameters and the attenuation.
At 40 of incidence angle and VV polarization, the interaction mechanisms change during the growing season (Fig. 11) . At earliest stages, the ground backscatter attenuated by the canopy is the dominant mechanism. When the wheat is well developed, the interactions between the stems and the ground become dominant.
At HH polarization (Figs. 3 and 5) , the multiple-scattering modeling seems to give better results than the first-order modeling, but this could be an artifact, since the multiple-scattering model does not take into account the leaves attenuation and underestimates the stems attenuation (since stems are supposed to be strictly vertical). The first-order modeling underestimates the backscatter because the stem attenuation is overestimated as reported in Section IV-A. However the main limitation in both modeling approaches is a missing or inadequate modeling of leaves backscatter. For example, at 40 of incidence angle (Fig. 5) , the modeling predicts a decreasing backscattering coefficient (from 10.7 dB to 7.5 dB) because the soil moisture content decreases from day 75 to day 124, whereas an increase in the data is observed. The difference could be explained qualitatively by the increased backscatter from leaves caused by increase in leaves biomass (from day 74) and the increased backscatter from ears caused by increase in ears biomass (from day 124). This could not be quantified by the present modeling approach.
To summarize, Table I gives the main mechanisms at C band, HH and VV, and 23 and 40 of incidence angles.
V. DISCUSSION ON PARAMETERS RETRIEVAL
Based on the modeling results, indications can be derived on how C-band HH and VV data could be used to provide useful information on wheat monitoring.
To monitor wheat growth, the detection of wheat field early in the growing season could be relevant. Modeling simulations, confirmed by real data, show that HH is higher than VV even for young wheat canopies, and the opposite is observed for bare soil. Large incidence angles are better suited for mapping purposes, since the attenuation through the canopy is higher. The HH : VV ratio can be a relevant indicator of wheat field. In practice however, it should be noted that the HH : VV ratio indicates not only wheat but crop with vertical structure (e.g., cereals).
Retrieving wheat and soil parameters by inversion of simple relationships requires the measured backscatter being related mainly to the parameters of interest. The modeling results reported in Section IV-B show that the backscatter at 23 of incidence angle and VV polarization is related to the wheat canopy height through the attenuation. But, the temporal variations of the backscatter depends also on the variations in soil moisture and soil roughness. The large difference of roughness at the two test sites under study in this paper explains the difference of backscatter observed in Figs. 2 and 4 . To demonstrate that if the effect of soil backscatter is taken out, the backscatter could be related to the stem height, we use the IEM model and the measured soil moisture and surface roughness to estimate the ground backscatter at VV polarization and 23 of incidence angle. The ratio between predicted ground backscatter (without vegetation) and the measured backscatter is plotted versus the stem height in Fig. 12 . This ratio appears well correlated to the canopy height before heading stage, and the relationship seems to be the same on both the sites.
The choice of the optimal incidence angle for parameters retrieval is a tradeoff between the sensitivity and the robustness. Measurements at 40 of incidence angle, for which the wave interacts strongly with the vertical stems, should provide better sensitivity to the wave attenuation than at lower incidence angle. But, at 40 , the stem-ground interaction increases in the course of the growing season, and this increase compensates the decrease in ground backscatter attenuated by the canopy. This Fig. 12 . Ratio between estimated bare soil backscatter and VV polarization backscatter at 23 incidence angle for both sites. makes the relationship between the backscattering coefficient and the soil parameters more complex and site dependent. Thus, data acquired at lower incidence angle seem to be more suited for parameters retrieval.
VI. SUMMARY
In this paper, we interpreted the temporal variations of C-band backscattering coefficient of wheat fields at HH and VV polarizations and different incidence angles using first-order and multiple-scattering modeling. First-order modeling is shown to fail in estimating the VV backscatter when wheat is fully developed. The defect is mainly attributed to the attenuation calculated using the independent scatterers assumption. Multiplescattering modeling, developed to take into account multiple scattering in a simplified wheat canopy, has been applied. The attenuation was found much lower than in the first-order attenuation, especially for V polarization and at high incidence angle. This provided a better agreement with the data. As a consequence, the ground backscatter attenuated by the canopy is found to have a significant contribution to the total backscatter. The main interaction mechanisms were determined, and they were used to interpret the data. As an example, at 23 of incidence angle, VV polarization was shown to be directly related to the canopy height. At HH polarization, the leaves and ears backscatter may play a significant role. Further work should be conducted, first to improve the calculation of the scattering matrix of ears and leaves and, second, to take into account the ears and the leaves in a multiple-scattering modeling.
